The adsorptive and electrochemical behaviors of clozapine (CLZ) were investigated on a glassy carbon electrode that was electrochemically treated by anodic oxidation at +1.8 V, following potential cycling in the potential range from -0.8 to 1.0 V vs. Ag/AgCl reference electrode. Based on the obtained electrochemical results, an electrochemical-chemical (EC) mechanism was proposed to explain the electrochemical oxidation of CLZ. The resulting electrochemically pretreated glassy carbon electrode (EPGCE) showed good activity to improve the electrochemical response of the drug. CLZ was accumulated in a phosphate buffer (pH 6) at a certain time, and then determined by differential pulse voltammetry. The anodic and cathodic peak currents showed a linear function in the concentration ranges of 0.1 -1, 1 -10 and 10 -100 μM with various accumulation times. The proposed method was successfully used for the determination of CLZ in pharmaceutical preparations. The preconcentration medium-exchange approach was utilized for the selective determination of the drug in spiked urine samples with satisfactory results. The recovery levels of the method reached 96% (RSD, 1.8%) and 90% (RSD, 2.8%) for urine and plasma samples, respectively.
Introduction
Clozapine, 8-chloro-11-(4-methyl-1-piperazinyl)-5H-dibenzo[b,e]- [1, 4] diazepine (CLZ), a tricyclic dibenzodiazepine neuroleptic with a piperazinyle side chain, 1,2 is used to treat positive and negative symptoms of schizophrenic patients who do not respond well to traditional neuroleptic drugs. 3 It was synthesized in Switzerland in 1958 and subsequently identified in 1959. 4, 5 Due to the vital importance of the assay of CLZ in pharmaceutical and in biological fluids, several analytical methods including chromatography [6] [7] [8] [9] [10] and spectrophotometry [11] [12] [13] [14] have been reported for the determination of the drug in its pure and dosage forms. Studies of the therapeutic and toxic effects of drugs require sensitive methods for their determination at a trace level. All reported spectroscopic methods suffer from low sensitivity. On the other hand, high-performance liquidchromatographic methods, while having the advantage of requiring minimal sample preparation, are relatively slow and expensive, and require filtration, degassing and expensive grades of reagents, eluents and equipment. The electrochemical behavior of CLZ was well evaluated, and several polarographic and voltammetric methods have been reported for the determination of this drug in literature. [15] [16] [17] [18] [19] [20] However, some of these methods suffer from sensitivity, and especially reproducibility when a carbon paste electrode is used as the working electrode.
The adsorptive properties of a glassy carbon electrode can be changed with the electrochemical pretreatment procedure. Electrode surface modifications and pretreatments have been widely used to improve the electrochemical responses of biological compounds and to construct electrochemical detectors. 21, 22 The behavior of carbon electrodes at high positive potentials has received considerable interest owing to a desire to improve both the activity and the reproducibility of carbon electrodes for applications in electrochemical detectors for liquid chromatography involving the detection of analytes that oxidize only at extreme positive potentials. 23 The objective of the present work was to study of electrochemical behavior of CLZ on an activated GC electrode and to develop an adsorptive stripping voltammetric procedure for the determination of CLZ, with higher sensitivity and reproducibility than the reported ones. It was found that CLZ could be adsorbed on an electrochemically pretreated glassy carbon electrode (EPGCE). Using this phenomenon and by accumulating this compound at the electrode surface prior to a differential pulse voltammetry and linear sweep voltammetry measurements, a higher sensitivity has been readily achieved. This work deals with the application of the proposed voltammetric methods to assay CLZ in biological samples and pharmaceutical dosage form.
Pharmaceutical Company (Tehran, Iran). Stock solutions of drugs (1 × 10 -2 M) were prepared in 0.1 M HNO3. Standard solutions were prepared daily by diluting the stock solution with 0.2 M phosphate buffer (pH 6). All reagents were of analytical grade (Merck) and solutions were prepared using doubly distilled water.
Apparatus
A potentiostat-galvanostat Autolab with PGSTAT30 Multipurpose instruments equipped with a Metrohm Stand Model 663 VA was used to record the voltammograms. Threeelectrode systems with a GC wire counter electrode, an Ag/AgCl, 3 M KCl reference electrode, and a solid state working glassy carbon electrode (GC) with diameter of 2 mm, were purchased from Metrohm. The working electrode was polished with alumina powder (0.05 μm) for 1 min and then washed with water before use. The pH of the buffered solution was measured with a Metrohm digital pH-meter using a combined glass electrode.
Procedures
Pretreatment of the glassy carbon electrode. 24 A glassy carbon electrode was polished with 0.05 μm alumina powder on a polishing cloth until a mirror-like finish was obtained. The electrode was then washed with double-distilled water; an electrochemical pretreatment of the glassy carbon electrode was performed by anodic oxidation at 1.8 V for 4 min in 0.2 M phosphate buffer at pH 6.0. The electrode was then cycled between -0.8 and +1.0 V at a scan rate of 100 mV s -1 until a stable current-voltage profile was obtained. Measurement procedure. Three electrodes were immersed in a solution containing CLZ and 0.2 M phosphate buffer at pH 6.0. Since dissolved oxygen did not interfere with the anodic voltammetry, no deaeration was performed.
CLZ was accumulated on the surface of an electrochemically pretreated glassy carbon electrode for a selected time, while the solution was being stirred (open circuit). After a rest period of 10 s, a linear sweep voltammetry technique (with a scan rate of 100 mV s -1 ) initiated in the anodic direction up to the final potential of 0.7 V, was performed. Electrode cleaning procedures (see text) were carried out after each experiment.
Pharmaceutical preparations
An accurately weighed portion of finely powdered CLZ tablet 
Recovery of CLZ from biological fluids
Spiked urine. A quantity of the CLZ was added to urine and diluted a spiked urine sample with a 0.2 M phosphate buffer (pH 6) solution of the appropriate concentration. An aliquot of 0.1 mL was taken and diluted up to 10 mL with phosphate buffer (pH 6.0), and the resulting drug urine solution was used for voltammetric analysis. Stirring caused the accumulation of drugs at the electrochemically pretreated glassy carbon electrode during 60 s. The electrode was then rinsed with water and placed in a measurement cell containing 10 mL of phosphate buffer, and a stripping voltammogram was recorded between 0.3 and 0.7 V. Quantitative amount of CLZ was obtained by means of the working-curve method. Spiked plasma. Deproteinizations were accomplished using a sodium tungstate solution (11 g of sodium tungstate + 1.8 mL sulfuric acid conc. in 1 L water). Two milliliters of this solution were added to 1 mL of serum samples containing aliquots of standard solutions of the drugs. After centrifugation at 3500 rpm in 15 min, 0.1 mL of the protein-free supernatant solution was transferred into a 10 mL volumetric flask and diluted to the mark with 0.2 M phosphate buffer (pH 6); then the proposed voltammetric procedure was performed similar to that for urine.
Results and Discussion

Voltammetric behavior of CLZ on EPGCE
A cyclic voltammogram of CLZ in phosphate buffer (pH 6) at a 100 mV s -1 scan rate with a 60 s accumulation time is shown in Fig. 1 peaks (at 0.528 and 0.473 V) and the others are probably related to chemical products that are created from the electrooxidation of CLZ at the surface of activated GC. Cyclic voltammograms of CLZ on an activated GC electrode were recorded in three consecutive scans. The obtained results show that after the first scan, the height of main anodic and cathodic peaks decreased, probably due to fouling of the electrode, but the heights of other weak peaks increased. Therefore, it may be stated that under these conditions, and especially at the surface of an activated GC electrode, the oxidized form of CLZ is unstable, and changes to various products via chemical reactions. For confirming this phenomenon, cyclic voltammograms of CLZ was recorded at various potential scan rates (Fig. 2) . It is obvious that the weak cathodic peaks in the voltammograms appeared at a low scan rate, and no additional peak, except for the main anodic and cathodic peaks, was observed upon increasing the scan rates up to 250 mV s -1 . For more investigations, differential pulse voltammograms of CLZ at different concentration levels and two consecutive scan are shown in Figs. 3 and 4. As can be seen, by increasing the concentration of CLZ the height of the main peak increased with no considerable increase in the height of the other peaks. Moreover, according to Fig. 4 , the height of the principle peak in second scan is considerably diminished, and the current of the other peaks is relatively increased, probably due to decomposition of oxidized CLZ on the surface of the electrode. Thus, the following scheme can be proposed as a possible mechanism to explain the electrochemical oxidation CLZ on activated GC in phosphate buffer solutions:
The products P(s) may presumably resemble the metabolites of CLZ + cleavage, and degradation of the piperazine ring involves the reported pathways of CLZ metabolisms. 25 
Optimization of conditions for the preparation of EPGCE
The anodization of a glassy carbon electrode at a high positive potential resulted in stable peak currents. Electrochemical activation of the carbon surface resulted in an oxidized film containing functional groups, especially of the carbon-oxygen type. 23 These functional groups increased the density of the active sites at the electrode surface and improved the electron transfer of the reaction. Therefore, in order to improve the electrochemical response of the studied drug, the electrode was Adsorptive stripping behavior Figure 5 shows differential pulse voltammograms for a 4 μM solution of CLZ without accumulation, and after a 60 s accumulation time step.
An approximately 100-fold enhancement of the peak current was observed over that attained without accumulation. This finding suggested that a considerable enhancement in sensitivity could be provided by applying adsorptive stripping voltammetry for the determination of CLZ. The optimum conditions for the maximum adsorption should be utilized during the accumulation step to achieve the maximum sensitivity by the adsorptive stripping voltammetric method. The electrochemical signal for CLZ was optimized according to the following parameters, since the adsorption process depends on many variables.
The influence of the pH on the voltammetric response was examined between pH 4 and 10 ( Fig. 6) . It was found that the value of the peak current increased in the pH range of 4 -6, and then decreased under alkaline pH conditions. The pH of the solution also had an effect on the preconcentration step, which exhibited varying degrees of accumulation. The response that preceded by adsorption suggested that the best accumulation could be attained in a phosphate buffer at pH 6.0. This pH value was selected for the accumulation step.
The effect of the accumulation potential on the peak intensity 481 ANALYTICAL SCIENCES APRIL 2007, VOL. 23 was also evaluated for a 40 μM CLZ solution following a 60 s preconcentration time over the range of 0.2 to 0.4 V. No enhancement in the sensitivity of the proposed method was obtained using the tested accumulation potential. Therefore, it was suggested that the stripping analyses were performed without first applying the accumulation potential, and were performed with the open-circuit method.
The accumulation time was investigated in order to optimize the previous accumulation process of substance on the electrode surface for its following anodic stripping. Figure 7 shows the dependence of the adsorptive peak current on the preconcentration time at a concentration level of 4 μM of CLZ. As can be seen, an increase in the analytical signal intensity was observed as the accumulation time increased, indicating an enhancement of the CLZ concentration at the electrode surface. The linear relationship between the amount of accumulated compound and the deposition time at low concentrations pointed out a constant adsorption. For longer accumulation times, the peak current was stabilized, showing equilibrium between the concentration of the substance in solution and that on the surface of the electrode.
The higher was the concentration of CLZ, the shorter was the time required for the system to reach equilibrium. However, at high concentrations, the saturation coverage of the electrode area was reached, and a decreasing peak intensity occurred. This result was taken into consideration when constructing calibration plots. The choice of the preconcentration time depended on the concentration range studied.
Because of fouling the electrode surface, after each scan, it was refreshed with alumina powder (0.05 μm), then pretreated as described above. Analyses were carried out with a differential pulse voltammetry method.
The best peak definition was found when using a 10 mV pulse amplitude, a 50 ms pulse width and a 100 mV s -1 scan rate. The electrooxidation of CLZ on unmodified Pt, Au, and GC electrodes in a phosphate buffer (pH 6) showed no considerable signal compared to an activated GC electrode. Therefore, the appearance of high sensitivity with excellent reproducible signals encourages the application of an activated GC electrode in the electrochemical determination of CLZ.
Calibration plots
Under the optimum analytical conditions, the linearity of the differential pulse stripping peak current of different concentrations of CLZ was evaluated. Table 1 summarizes the characteristics of the calibration plots. The obtained results show a linearity range of 0.1 -1, 1 -10, 10 -100 μM at different accumulation times. It was possible to reduce the determination limit by using an accumulation time of 300 s. Under these conditions, the limit of detection was 8 nM.
Using the adsorptive stripping voltammetric conditions described above, the reproducibility of the assay was investigated. Adequate precision in the voltammetric signal could not be obtained unless the electrode surface was cleaned and pretreated by an activation procedure before each measurement. Operating in this way provided good reproducibility of the voltammetric data. The repeatability of the peak current at new surfaces, expressed by the relative standard deviation, was 1.8% (n = 5) for a CLZ concentration of 4 μM.
Determination of CLZ in pharmaceutical samples
Determinations of the CLZ content in pharmaceutical formulations were carried out using the proposed stripping voltammetric procedure. The content of CLZ in the tablets was determined by the working-curve method.
The mean concentration obtained was 104.73 ± 1.85 mg per tablets with a relative standard deviation of 1.8%, indicating adequate precision and accuracy of the proposed method ( Table 2 ). The obtained results were compared to those found by the official method. 26 As can be seen, no significant difference was observed between the results using the two methods.
Determination of CLZ in biological samples
Urine. The proposed method was used to analyze CLZ added to human urine. The samples were spiked at three concentration levels, and the drug was determined by means of the workingcurve method.
The preconcentration medium-exchange approach was utilized for selective determination of the drug in spiked urine samples (see Experimental). The calibration plots 482 ANALYTICAL SCIENCES APRIL 2007, VOL. 23 (Table 3 ). The estimated detection limit, which was defined as three-times to noise, in spiked urine samples following this procedure was 4 μg mL -1 . Plasma. The voltammetric procedure is performed in the same way for urine. The calibration plots obtained by spiking the cell electrolyte containing blank plasma with standard CLZ were found to be linear in the concentration range of 25 -50 μg mL -1 . Good recovery of CLZ was achieved from this type of matrix (Table 3 ). The estimated detection limit, which was defined as three-times to noise, in spiked plasma samples following this procedure was 8 μg mL -1 .
Conclusions
The developed adsorptive stripping analysis of CLZ at an electrochemically pretreated glassy carbon electrode significantly improved the sensitivity of the method; in addition, a lower detection limit was achieved, and a wide range of concentrations could be used for analytical purposes. The method was used to determine these drugs in pharmaceuticals without any interference. It has also been successfully applied to the determination of drugs in biological samples. The proposed method is an attractive method due to the low cost of the instrumentation and the short time required for analysis. 
